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1. INTRODUCTION {#all13438-sec-0005}
===============

Allergic airway inflammatory diseases, including asthma and allergic rhinitis (AR), represent a serious global health problem in many counties.[1](#all13438-bib-0001){ref-type="ref"}, [2](#all13438-bib-0002){ref-type="ref"} Type 2‐associated cytokines are essential for driving the pathology of bronchial asthma and AR. It is traditionally believed that CD4^+^ type 2 helper T (Th2) cells are the principal drivers of type 2 inflammatory conditions.[3](#all13438-bib-0003){ref-type="ref"}, [4](#all13438-bib-0004){ref-type="ref"}, [5](#all13438-bib-0005){ref-type="ref"} However, recent studies have suggested that group 2 innate lymphoid cells (ILC2s) seemed to play a more critical role in allergic diseases in innate immune responses.[6](#all13438-bib-0006){ref-type="ref"}, [7](#all13438-bib-0007){ref-type="ref"}, [8](#all13438-bib-0008){ref-type="ref"} ILC2s produced dramatic amounts of IL‐5, IL‐13, some IL‐4 and IL‐9 in response to the Th2 cell‐stimulating cytokines IL‐25, IL‐33 and thymic stromal lymphopoietin (TSLP) produced by epithelial cells.[9](#all13438-bib-0009){ref-type="ref"}, [10](#all13438-bib-0010){ref-type="ref"}, [11](#all13438-bib-0011){ref-type="ref"}

It was identified that ILC2s mediated airway hyper‐reactivity or asthmatic inflammation induced by influenza,[7](#all13438-bib-0007){ref-type="ref"} protease,[12](#all13438-bib-0012){ref-type="ref"}, [13](#all13438-bib-0013){ref-type="ref"} ryegrass[14](#all13438-bib-0014){ref-type="ref"} or mite[15](#all13438-bib-0015){ref-type="ref"} in adaptive immunodeficiency mice. IL‐25 and IL‐33 mediating airway hyperactivity mostly depended on ILC2s but not the adaptive T cells in mouse.[15](#all13438-bib-0015){ref-type="ref"}, [16](#all13438-bib-0016){ref-type="ref"}, [17](#all13438-bib-0017){ref-type="ref"} In addition, ILC2s were also found to be increased in several allergic immune diseases in human such as atopic dermatitis,[18](#all13438-bib-0018){ref-type="ref"}, [19](#all13438-bib-0019){ref-type="ref"} active eosinophilic esophagitis[20](#all13438-bib-0020){ref-type="ref"} and chronic rhinosinusitis with nasal polyps or eosinophilia.[21](#all13438-bib-0021){ref-type="ref"}, [22](#all13438-bib-0022){ref-type="ref"} Importantly, high ILC2 levels were found in asthma patients[23](#all13438-bib-0023){ref-type="ref"} and persistent airway eosinophilia,[24](#all13438-bib-0024){ref-type="ref"} or rhinovirus‐induced asthma exacerbations[25](#all13438-bib-0025){ref-type="ref"} and AR patients.[26](#all13438-bib-0026){ref-type="ref"}, [27](#all13438-bib-0027){ref-type="ref"}, [28](#all13438-bib-0028){ref-type="ref"}

Only a few studies have reported the effects of medicine treatments on ILC2 levels. ILC2 levels in the lung were decreased after corticosteroid treatment in mouse allergic airway inflammation.[29](#all13438-bib-0029){ref-type="ref"} Patients with nasal polyps treated with steroids had significantly reduced ILC2s in nasal polyp tissue as compared to those in patients who did not receive steroid treatment.[24](#all13438-bib-0024){ref-type="ref"} Corticosteroids are the most effective treatment to reduce the airway inflammation and symptoms in asthma and AR patients.[1](#all13438-bib-0001){ref-type="ref"}, [30](#all13438-bib-0030){ref-type="ref"} The predominant role of ILC2s in asthma pathology indicates the strong possibility of corticosteroid on ILC2 function. Until now only one cross‐sectional study has shown that there were high frequencies of IL‐13^+^ ILC2s in uncontrolled and partly controlled asthma patients than in those in the well‐controlled group.[31](#all13438-bib-0031){ref-type="ref"} Therefore, studies are needed to investigate the effects of corticosteroid therapy on ILC2 levels and their activity in asthma and/or AR patients. Additionally, the signalling pathways involved in the effects of corticosteroid treatment on ILC2s are still unclear.

The aim of this study was to perform a prospective study to evaluate the levels and the function of ILC2s, as well as the relationship with the pulmonary function after glucocorticoid therapy in asthma and asthma with AR patients. In vitro studies were used to investigate the possible signalling pathways involved in the effects of glucocorticoid on ILC2 in allergic airway diseases.

High circulating ILC2s were found in asthma and asthma with allergic rhinitis patients, and significantly decreased after treatment of glucocorticoid.High levels of IL‐5, IL‐13 and IL‐9 in response to epithelium‐derived cytokines were mostly produced by the increased ILC2s from asthma patients.Glucocorticoid treatment is able to reverse the high levels of IL‐5 and IL‐13 produced by ILC2s via STAT3, STAT5 and STAT6 signalling pathways.

2. METHODS {#all13438-sec-0006}
==========

Detailed description of all experimental procedures is provided in the Data [S1](#all13438-sup-0001){ref-type="supplementary-material"}.

2.1. Study subjects {#all13438-sec-0007}
-------------------

The study was approved by the Ethics Committee of The First Affiliated Hospital, Sun Yat‐sen University. Written informed consents were obtained from a total of 83 subjects (age ≥18 years and ≤65 years), including 32 asthma patients (15 for follow‐up, 7 for glucocorticoid experiments in vitro, 6 for testosterone and prostaglandin \[PG\] E2 experiments in vitro, and 4 for cell sorting), 27 asthma with AR patients (15 for follow‐up, 6 for glucocorticoid experiments in vitro and 6 for testosterone and PGE2 experiments in vitro) and 24 healthy controls (13 for follow‐up, 5 for glucocorticoid experiments in vitro and 6 for testosterone and PGE2 experiments in vitro). The inclusion and exclusion criterion are presented in Data [S1](#all13438-sup-0001){ref-type="supplementary-material"}.

2.2. Research design and patient treatment {#all13438-sec-0008}
------------------------------------------

The detailed research design and patient treatment are described in Figure [1](#all13438-fig-0001){ref-type="fig"} and Data [S1](#all13438-sup-0001){ref-type="supplementary-material"}.

![The detailed study design of this study. The patients were evaluated for pulmonary function, FeNO, routine blood test, ILC2 levels and specific IgE at the first visit (0 month), and were treated with glucocorticoid. They were followed up for routine blood test and ILC2 evaluation after 1 month. Three months later, they were evaluated for pulmonary function, FeNO, and routine blood test and ILC2 evaluation again. ACQ‐7, seven‐item asthma control questionnaire; ACT, asthma control test; AR, allergic rhinitis; FeNO, fractional exhaled nitric oxide; FEV ~1~, forced expiratory volume in 1 second \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](ALL-73-1860-g001){#all13438-fig-0001}

2.3. Peripheral blood collection and flow cytometry analysis for ILC2s {#all13438-sec-0009}
----------------------------------------------------------------------

Peripheral blood from the patients was collected for ILC2 examination using flow cytometry. The plasma was used for the determination of IL‐13, IL‐5 and IL‐9.

2.4. ILC2 sorting {#all13438-sec-0010}
-----------------

Briefly, peripheral blood mononuclear cells (PBMCs) were stained with FITC‐Lin^+^ antibodies and FITC‐FceR1, and then, the Lin^−^ cells were negatively isolated. The isolated Lin^−^ cells were further stained with PE‐CRTH2 and PE‐Cy7‐CD127 and then sorted into 3 populations.

2.5. The stimulation and treatment of PBMCs, Lin‐ cells and ILC2s {#all13438-sec-0011}
-----------------------------------------------------------------

A detailed method is provided in Data [S1](#all13438-sup-0001){ref-type="supplementary-material"}.

2.6. Western blot {#all13438-sec-0012}
-----------------

Proteins from sorted ILC2s were separated by SDS‐PAGE and transferred to polyvinylidene difluoride membranes. The membrane was blotted with 10% nonfat milk, probed with the primary antibodies, incubated with secondary antibodies and then visualized by Enhanced Chemiluminescence Plus.

2.7. Statistical analyses {#all13438-sec-0013}
-------------------------

SPSS10.0 software was used for data analysis. The data were presented as mean ± SEM. Statistical analyses were performed using paired or unpaired nonparametric tests (Mann‐Whitney test, Kruskal‐Wallis test, Dunn\'s multiple comparison test and Spearman rank correlation). *P* value less than .05 was considered statistically significant.

3. RESULTS {#all13438-sec-0014}
==========

3.1. Enhanced ILC2 levels in the patient peripheral blood {#all13438-sec-0015}
---------------------------------------------------------

The detailed research design and patient treatment are described in Figure [1](#all13438-fig-0001){ref-type="fig"}. Firstly, we evaluated the ILC2 levels in blood. Human ILC2s were defined as Lin^−^FceR1^−^CRTH2^+^CD127^+^ cells (Figure [2](#all13438-fig-0002){ref-type="fig"}). We observed that there were the clear dot plot clusters of ILC2s in asthma and asthma with AR patients but not in healthy controls (Figure [2](#all13438-fig-0002){ref-type="fig"}A). ILC2 frequencies were significantly increased in asthma patients (*P* \< .05) and asthma with AR patients (*P *\<* *.01) compared with that in healthy controls (Figure [2](#all13438-fig-0002){ref-type="fig"}B).

![High ILC2 and IL‐13 levels in asthma and asthma with AR patients. (A) ILC2s were identified as Lin^−^FceR1^−^ CRTH2^+^ CD127^+^ lymphocytes. ILC2 (B) and IL‐13 (C) levels in asthma patients (n = 15), asthma with rhinitis patients (n = 15) and healthy controls (n = 13). IL‐13 levels in the plasma were correlated with ILC2 levels in asthma patients (D) but not asthma with AR patients (E) or healthy control (F). \**P *\<* *.05, \*\**P *\<* *.01, \*\*\**P *\<* *.001. AR, allergic rhinitis](ALL-73-1860-g002){#all13438-fig-0002}

There were higher levels of IL‐13 in the plasma from asthma patients (*P *\<* *.001) and asthma with AR patients (*P *\<* *.01) compared with that from healthy controls (Figure [2](#all13438-fig-0002){ref-type="fig"}C). A significant positive correlation was found between the ILC2 percentages and IL‐13 levels in asthma patients (*P *\<* *.05; Figure [2](#all13438-fig-0002){ref-type="fig"}D) but not in asthma with AR patients (Figure [2](#all13438-fig-0002){ref-type="fig"}E) and healthy controls (Figure [2](#all13438-fig-0002){ref-type="fig"}F). No IL‐5 was detected in the plasma from all subjects. No significant difference for the levels of IL‐4 and IL‐9 was found between the patients and healthy controls (Figure [S1](#all13438-sup-0001){ref-type="supplementary-material"}). These findings suggest that ILC2 frequencies were enhanced in both asthma patients and asthma with AR patients.

3.2. Glucocorticoid treatment led to better control in patients {#all13438-sec-0016}
---------------------------------------------------------------

Baseline characteristics of the subjects were listed in Table [1](#all13438-tbl-0001){ref-type="table"}. The 1‐ and 3‐month follow‐ups were completed by 13 and 10 asthma patients, and 15 and 9 asthma with AR patients, respectively (Table [2](#all13438-tbl-0002){ref-type="table"}). Five asthma patients and 6 asthma with AR patients were missed for a follow‐up examination at 3 months. However, there was no difference in age, gender or clinical characteristics between the patients in 3‐month follow‐up examinations, and then, all patients included at 0 months were included for statistical analysis.

###### 

Baseline characteristics of the participants' demographics, pulmonary function, sIgE and blood eosinophils involved in this study

  Characteristic                              HC             Asthma         Asthma with AR   *P* value
  ------------------------------------------- -------------- -------------- ---------------- -----------------------------------------------------------------------------------------------------------------------------------------
  No. of patients                             13             15             15               
  Age (y)                                     35.2 ± 2.2     35.6 ± 3.4     35.5 ± 3.6       .99
  Gender, female/male                         9/4            11/4           11/4             .97
  Ever smoked (%)                             0              0              6.7              .33
  Specific IgE positive/subjects tested (%)   0              20             100              .07
  Blood eosinophils (%)                       1.58 ± 0.27    4.98 ± 1.01    6.77 ± 1.24      \<.05[b](#all13438-note-1004){ref-type="fn"}, \<.001[c](#all13438-note-2004){ref-type="fn"}
  FEV~1~ (%predicted before BD)               107.6 ± 1.76   85.27 ± 6.23   78.59 ± 5.58     \<.01[b](#all13438-note-1004){ref-type="fn"}, \<.001[c](#all13438-note-2004){ref-type="fn"}
  FEV~1~/FVC ratio (%)                        93.32 ± 1.82   76.62 ± 3.78   71.39 ± 3.02     \<.01[b](#all13438-note-1004){ref-type="fn"}, \<.001[c](#all13438-note-2004){ref-type="fn"}
  FeNO (ppb)                                  16.15 ± 1.99   44.40 ± 8.18   92.86 ± 11.96    \<.01[a](#all13438-note-0004){ref-type="fn"} ^,^ [b](#all13438-note-1004){ref-type="fn"}, \<.001[c](#all13438-note-2004){ref-type="fn"}
  ACQ‐7                                       --             1.57 ± 0.25    1.53 ± 0.23      .91
  ACT                                         --             16.67 ± 0.99   16.07 ± 1.13     .69

ACQ‐7, seven‐item asthma control questionnaire; ACT, asthma control test; AR, allergic rhinitis; FeNO, fractional exhaled nitric oxide; FEV~1~, forced expiratory volume in 1 second; HC, healthy control; sIgE, specific immunoglobulin E.

Asthma with AR vs asthma

HC vs asthma

HC vs asthma with AR.

John Wiley & Sons, Ltd

###### 

Comparison of the subjects' demographics, pulmonary function and blood eosinophils between first‐visit patients and patients after 3‐month glucocorticoid treatment

  Characteristic                  Asthma          *P* value      Asthma with AR   *P* value                       
  ------------------------------- --------------- -------------- ---------------- --------------- --------------- ------
  No. of patients                 10                                              9                               
  Age (y)                         38 ± 4.72                                       32.33 ± 4.98                    .37
  Sex, female/male                8/2                                             6/3                             .56
  Blood eosinophils (%)           6.17 ± 1.27     6.68 ± 1.80    .82              6.26 ± 1.50     2.67 ± 1.00     .08
  FEV~1~ (%predicted before BD)   84.37 ± 7.75    97.02 ± 5.87   .21              72.90 ± 7.27    98.81 ± 3.21    .005
  FEV~1~ (L)                      2.21 ± 0.21     2.53 ± 0.14    .22              2.08 ± 0.22     2.87 ± 0.21     .02
  FVC (L)                         2.99 ± 0.16     3.13 ± 0.19    .23              2.99 ± 0.21     3.57 ± 0.28     .11
  FEV~1~/FVC ratio (%)            76.07 ± 5.42    77.55 ± 4.04   .23              70.28 ± 4.01    82.96 ± 3.89    .04
  FeNO (ppb)                      47.40 ± 10.17   33.50 ± 6.54   .29              97.38 ± 17.54   34.63 ± 10.22   .008
  ACQ‐7                           1.76 ± 0.31     0.51 ± 0.21    .006             1.62 ± 0.31     0.51 ± 0.24     .01
  ACT                             16.30 ± 1.42    23.40 ± 0.72   .004             15.89 ± 1.62    22.67 ± 0.98    .04

ACQ‐7, seven‐item asthma control questionnaire; ACT, asthma control test; AR, allergic rhinitis; FeNO, fractional exhaled nitric oxide; FEV~1~, forced expiratory volume in 1 second; FVC, forced vital capacity.

John Wiley & Sons, Ltd

Pulmonary functions were significantly improved in both patient groups including increasing predicted forced expiratory volume in 1 second (FEV~1~)~,~ FEV~1~/forced vital capacity (FVC) ratio, decreasing fractional exhaled nitric oxide (FeNO) levels, lower seven‐item Asthma Control Questionnaire (ACQ‐7) and higher Asthma Control Test (ACT) values (Table [2](#all13438-tbl-0002){ref-type="table"}). Taken together, glucocorticoid treatment leads to the better control of asthma and asthma with AR patients.

3.3. Glucocorticoid treatment decreased the ILC2 level and function in asthma and asthma with AR patients {#all13438-sec-0017}
---------------------------------------------------------------------------------------------------------

After 1‐month glucocorticoid treatment, the ILC2 percentages were significantly decreased in asthma patients (*P *\<* *.05, n = 13) and asthma with AR patients (*P *\<* *.01, n = 15) compared with those of the first visit (Figure [S2](#all13438-sup-0001){ref-type="supplementary-material"}, Figure [3](#all13438-fig-0003){ref-type="fig"}A). The ILC2 percentages were further significantly decreased at 3 months in asthma (n = 10) and asthma with AR patients (n = 9) (Figure [3](#all13438-fig-0003){ref-type="fig"}A, *P* \< .01 or *P *\<* *.05). The ILC2 levels in both asthma patients and asthma with AR patients after 3‐month treatment were similar to that in healthy controls (Figure [3](#all13438-fig-0003){ref-type="fig"}B, *P* \> .05).

![The treatment of glucocorticoids significantly decreases ILC2 levels in asthma and asthma with AR patients. (A) ILC2 levels in PBMCs of asthma patients, asthma with AR patients at first visit, 1 and 3 months follow‐up time. (B) ILC2 levels in PBMCs of asthma patients, asthma with AR patients compared to healthy controls after 3‐month treatment. (C) IL‐13 levels in the plasma of the patients after the treatment. (D) The relationship between ILC2 levels and FEV1% or ACT after the treatment. The coordinative points represent the mean values of FEV ~1~ (X) or ACT (X) and ILC2s (Y) for the same group of patients. \**P *\<* *.05, \*\**P *\<* *.01, \*\*\**P *\<* *.001. ACT, asthma control test; AR, allergic rhinitis; FEV ~1~, forced expiratory volume in 1 second; HC, healthy control; Mo, month. \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](ALL-73-1860-g003){#all13438-fig-0003}

IL‐13 levels in the patient\'s plasma were also significantly decreased after the treatment (*P *\<* *.001), and there was a significant difference of IL‐13 levels in asthma patients but not asthma with AR patients between 1‐ or 3‐month treatments and 0‐month (*P *\<* *.01, Figure [3](#all13438-fig-0003){ref-type="fig"}C).

After 3‐month treatment, the patients showed the decreased ILC2 frequency but increased FEV~1~ and ACT levels. The increased predicted FEV~1~ and ACT had relationships with the decreased ILC2 percentages in both asthma and asthma with AR patient groups after the glucocorticoid treatment (Figure [3](#all13438-fig-0003){ref-type="fig"}D), which indicates that the patient recovery was accompanied by the decreased ILC2 levels after glucocorticoid treatment.

3.4. The glucocorticoid effects on Th2 cytokine production in PBMCs from the patients in response to epithelial cytokines {#all13438-sec-0018}
-------------------------------------------------------------------------------------------------------------------------

Without stimulation of IL‐25, IL‐33 plus IL‐2, the PBMCs from both groups of patients exhibited higher levels of IL‐5 (*P \< *.01), IL‐13 (*P* \< .01) but not IL‐9 compared with those from the healthy control group (Figure [4](#all13438-fig-0004){ref-type="fig"}A‐C). Under the stimulation, there were dramatic increases of IL‐5 and IL‐13 levels in cultured PBMCs from both patients and healthy groups, and with higher IL‐5 in the patients (Figure [4](#all13438-fig-0004){ref-type="fig"}A,B). We found increased IL‐9 levels in both types of patients but not control subjects in response to the epithelial cytokines (Figure [4](#all13438-fig-0004){ref-type="fig"}C). The responses of IL‐9 to IL‐25/‐33/‐2 were much lower compared to those of IL‐5 and IL‐13. No significant difference was found for IL‐4 levels after the treatment of IL‐25, IL‐33 plus IL‐2 by PBMCs for 3 groups of subjects (Figure [S3](#all13438-sup-0001){ref-type="supplementary-material"}). Moreover, budesonide administration dramatically decreased the levels of IL‐5 (from 47 296 to 533 pg/mL, *P *\<* *.01) and IL‐13 (from 4599 to 113 pg/mL, *P *\<* *.05) (Figure [4](#all13438-fig-0004){ref-type="fig"}D) in asthma patients under both situations of with and without stimulation. High IL‐9 was also decreased with budesonide treatment (Figure [4](#all13438-fig-0004){ref-type="fig"}E, *P* \< .01). We further identified that budesonide administration significantly decreased the levels of IL‐13^+^ILC2s (Figure [4](#all13438-fig-0004){ref-type="fig"}F) after the stimulation for PBMCs from asthma patients. However, we did not observe any difference of the ILC2 percentages with the stimulation or the budesonide treatment using flow cytometry (data not shown). These results suggest that glucocorticoid may mostly affect the ILC2 function but not their frequencies.

![Budesonide significantly decreases the large quantity of IL‐5, IL‐13 and IL‐9 produced by PBMCs from asthma and asthma with AR patients in response to IL‐25 and IL‐33. PBMCs from asthma, asthma with AR patients or healthy controls were treated with budesonide under the stimulation of IL‐2, IL‐25 and IL‐33 for 5 days. IL‐5 (A), IL‐13 (B) and IL‐9 (C) levels measured using ELISA. IL‐5, IL‐13 (D) and IL‐9 (E) levels with budesonide treatment were determined with ELISA. (F) IL‐13^+^ ILC2s levels determined with flow cytometry from asthma patients. The ILC2 cells were gated in Lin^−^ CRTH2^+^ CD127^+^ cells. \**P *\<* *.05, \*\**P *\<* *.01, \*\*\**P *\<* *.001](ALL-73-1860-g004){#all13438-fig-0004}

Testosterone was reported to negatively regulate ILC2 proliferation and cytokine expression as well as ILC2‐mediated allergic airway inflammation.[32](#all13438-bib-0032){ref-type="ref"} PGE2 suppresses IL‐5 and IL‐13 production in human tonsillar ILC2s.[33](#all13438-bib-0033){ref-type="ref"} We examined the effects of testosterone and PGE2 on ILC2 function (Figure [S4](#all13438-sup-0001){ref-type="supplementary-material"}). Testosterone and PGE2 partly and significantly decreased the levels of IL‐5 and IL‐13 by PBMCs for patients in response to IL‐25/‐33/‐2 (*P *\<* *.05). The levels of IL‐9 were decreased with the treatment of testosterone and PGE2 in asthma patients (*P *\<* *.05) but not the other 2 groups. Additionally, the levels of IL‐5 and IL‐13 were decreased for healthy controls with the treatment of testosterone and PGE2 (Figure [S4](#all13438-sup-0001){ref-type="supplementary-material"}). It suggests that testosterone and PGE2 have some ability of inhibiting ILC2s to produce of IL‐5, IL‐13 and IL‐9, but weaker than glucocorticoid.

3.5. ILC2s were predominantly responsible for the robust production of IL‐5, IL‐13 and IL‐9, and glucocorticoid treatment {#all13438-sec-0019}
-------------------------------------------------------------------------------------------------------------------------

PBMCs from asthma patients were sorted to 4 subgroups using flow cytometry: ILC2s (Group 1), Lin^+^ PBMCs (Group 2), Lin^−^ CD127^+^ CRTH2^−^ cells (Group 3) and Lin^−^ CD127 ^−^CRTH2^−^ cells (Group 4) as shown in Figure [5](#all13438-fig-0005){ref-type="fig"}A. ILC2s were identified to exhibit typical morphology of general lymphocytes and became bigger under IL‐25 and IL‐33 plus IL‐2 stimulation (Figure [5](#all13438-fig-0005){ref-type="fig"}B). After 3 days of stimulation with IL‐25, IL‐33 plus IL‐2, the IL‐5 levels in ILC2s (Group 1) (97% in PBMCs) were climbed up to 317 577 pg/mL and were about 50‐folds to those (6548 pg/mL) in Lin^+^ PBMCs (Group 2) (Figure [5](#all13438-fig-0005){ref-type="fig"}C). There were also greater IL‐13 and IL‐9 levels in ILC2 group compared with those in Lin^+^ PBMCs. It suggests that ILC2s were predominantly responsible for the robust production of IL‐5, IL‐13 and even IL‐9. The stimulated high levels of IL‐5, IL‐13 and IL‐9 in the sorted ILC2s from asthma patients were dramatically reversed with the treatment of budesonide (Figure [5](#all13438-fig-0005){ref-type="fig"}D).

![ILC2s are predominantly responsible for the robust production of IL‐5, IL‐13 and IL‐9, and the decrease in glucocorticoid on them. Four subsets of ILC2s (group 1), Lin^+^ cells (group 2), Lin^−^ CRTH2^−^ CD127^−^ cells (group 3), Lin^−^ CRTH2^−^ CD127^+^ cells (group 4) from PBMCs of asthma patients were sorted using FACSAria flow cytometer. (A) The 4 subsets showed under FACSCalibur flow cytometer. (B) Haematoxylin‐eosin staining for general lymphocytes, the sorted ILC2s from asthma patients, or ILC2s stimulated by IL‐25, IL‐33 plus IL‐2. Scale bar = 10 μm. IL‐5, IL‐13 and IL‐9 levels in the sorted 4 subsets (C) or in the sorted ILC2s (D) with budesonide treatment from asthma patients after stimulation. \**P *\<* *.05, \*\**P* \< .01 compared to ILC2 group in (c)](ALL-73-1860-g005){#all13438-fig-0005}

Using flow cytometry, we found that glucocorticoid receptor (GR) was expressed in ILC2s, and there was no change after the stimulation of epithelial cytokines for 5 days (Figure [S5](#all13438-sup-0001){ref-type="supplementary-material"}).

3.6. p‐STAT3, p‐STAT5 and p‐STAT6 were involved in the production of IL‐5 and IL‐13 in ILC2 cells and the effects of glucocorticoid treatment {#all13438-sec-0020}
---------------------------------------------------------------------------------------------------------------------------------------------

The Lin^−^ cells which were sorted from the buffy coats from healthy volunteers were used for the evaluation of the phosphorylation of STAT3, STAT5 and STAT6 at the different time points. The phosphorylation of STAT3, STAT5 and STAT6 in Lin^−^ cells under stimulation markedly increased after 6 hours and reached the maximum levels in 12 hours (Figure [6](#all13438-fig-0006){ref-type="fig"}A). Next, we used the isolated ILC2s to examine the effects of budesonide on the above signalling pathways. Budesonide administration almost completely reversed the levels of p‐STAT3, p‐STAT5 and p‐STAT6 back to normal in the activated ILC2s (Figure [6](#all13438-fig-0006){ref-type="fig"}B). Budesonide also decreased the high levels of total STAT3, STAT5 and STAT6 (Figure [S6](#all13438-sup-0001){ref-type="supplementary-material"}). Both S3I‐201 (STAT3 inhibitor) and IQDMA (STAT5 inhibitor) significantly reversed the high levels of IL‐5 and IL‐13, and AS1517499 (STAT6 inhibitor) reversed the high IL‐5 but not IL‐13 levels in ILC2s (Figure [6](#all13438-fig-0006){ref-type="fig"}C). We also investigated the possible upstream signalling pathways. We found that budesonide significantly inhibited the levels of p‐JAK3 (Figure [6](#all13438-fig-0006){ref-type="fig"}B) and total JAK3 (Figure [S6](#all13438-sup-0001){ref-type="supplementary-material"}), upstream regulator of STAT3, STAT5 and STAT6 in the ILC2s. Moreover, JAK3 inhibitor JANEX‐1 significantly inhibited the levels of p‐STAT3, p‐STAT5 and p‐STAT6 (Figure [6](#all13438-fig-0006){ref-type="fig"}B), and reversed the high levels of IL‐5 and IL‐13 (Figure [6](#all13438-fig-0006){ref-type="fig"}C). Mitogen‐activated protein kinase kinase (MEK) phosphorylates and activates extracellular signal‐regulated kinases (ERKs), and further phosphorylates and activates STAT3.[34](#all13438-bib-0034){ref-type="ref"} We found that budesonide significantly decreased p‐MEK1/2 to a certain degree (Figure [6](#all13438-fig-0006){ref-type="fig"}B) but not total MEK1/2 (Figure [S6](#all13438-sup-0001){ref-type="supplementary-material"}) under the stimulation. Moreover, MEK inhibitor, U0126, decreased the high levels of p‐STAT3, p‐STAT5 and p‐STAT6, and partly decreased p‐JAK3 levels. We also observed the reversion of MEK inhibitor on the production of IL‐5 and IL‐13 (Figure [6](#all13438-fig-0006){ref-type="fig"}C). These findings suggest that budesonide inhibits ILC2 function in IL‐5 and IL‐13 production via MEK/JAK‐STAT signalling pathways.

![p‐STAT3, p‐STAT5 and p‐STAT6 are the main signalling pathways that are responsible for the production of IL‐5 and IL‐13 with the stimulation and the effects of glucocorticoid. (A) Western blot analysis of p‐STAT3, p‐STAT5 and p‐STAT6 levels in Lin^−^ cells from the buffy coats from healthy volunteers in response to IL‐25 and IL‐33 plus IL‐2 at different time points. (B‐C) ILC2s from the buffy coats from healthy volunteers were sorted using flow cytometer. (B) p‐STAT3, p‐STAT5, p‐STAT6 and p‐MEK1/2 levels in sorted ILC2s with the treatments of IL‐25 and IL‐33 plus IL‐2, budesonide, JAK3 inhibitor (JANEX‐1) or MEK inhibitor (U0126). (C) IL‐5 and IL‐13 levels in ILC2s were measured under STAT3 inhibitor (S3I‐201), STAT5 inhibitor (IQDMA), STAT6 inhibitor (AS1517499), JAK3 inhibitor (JANEX‐1) and MEK inhibitor (U0126) treatments after the stimulation of IL‐25, IL‐33 plus IL‐2. \**P *\<* *.05, \*\**P *\<* *.01, \*\*\**P *\<* *.001 \[Colour figure can be viewed at <http://wileyonlinelibrary.com>\]](ALL-73-1860-g006){#all13438-fig-0006}

4. DISCUSSION {#all13438-sec-0021}
=============

The high frequency and the predominant role of ILC2s in asthma provide a strong hypothesis that therapies for asthma should also consider the ILC2 levels and function. Until now only one study reported that dexamethasone suppresses IL‐33‐induced airway inflammation and lung natural help cells, a member of ILC2s in mice.[19](#all13438-bib-0019){ref-type="ref"} For human patients, only one cross‐sectional report showed an increased frequency of IL13^+^ILC2s in uncontrolled and partly controlled asthma patients when compared to those in the well‐controlled group.[31](#all13438-bib-0031){ref-type="ref"} In our study, we performed a prospective study to evaluate the ILC2 levels and function after glucocorticoid therapy in asthma patients. More importantly, many clinical indicators were evaluated. We found that the glucocorticoid therapy led to ideal control in asthma and asthma with AR patients. More importantly, for both types of patients, the glucocorticoid treatments significantly decreased the blood high frequencies of ILC2s, and ILC2 frequencies at 3 months after the treatment almost reached to normal levels. Additionally, the improvement of predicted FEV~1~ and ACT had relationships with the decreased ILC2 percentages after the glucocorticoid treatment. This finding also implies that the patient recovery was accompanied by the ILC2 decrease after glucocorticoid treatment. To our knowledge, it was the first prospective study to investigate the effects of glucocorticoid on ILC2 levels and their function in asthma patients.

We further confirmed the effects of glucocorticoid on ILC2 function in vitro. The PBMCs from the patients exhibited strong and almost 10‐ to 20‐fold increase in IL‐5, IL‐13 and IL‐9 levels in response to the epithelial cytokines compared with those of the healthy controls. The glucocorticoid treatment significantly reversed high levels of IL‐5, IL‐13 and IL‐9. More importantly, glucocorticoid treatment significantly decreased intracellular IL‐13 in ILC2s. Previous studies also identified that IL‐13^+^ILC2s but not IL‐5^+^ILC2s were sensitive in response to IL‐25, IL‐33.[35](#all13438-bib-0035){ref-type="ref"} Our data suggest that the patients with allergic airway inflammation have stronger responses to the epithelial cytokine stimulation and glucocorticoid is able to inhibit the production of Th2 cytokines. We found that ILC2s became bigger after the stimulation of IL‐25, IL‐33 plus IL‐2, suggesting the activation of ILC2s. Additionally, we observed that ILC2s but not the Lin^+^ cells are the most dominant cells to produce IL‐5, IL‐13 and IL‐9. In vitro data further provided strong evidence to support our in vivo findings, by which glucocorticoid is able to regulate the function of ILC2s. It is consistent with previous study that dexamethasone inhibited type 2 cytokine expression by blood ILC2s in response to IL‐25 and IL‐33 but not IL‐7 and TSLP.[30](#all13438-bib-0030){ref-type="ref"} Furthermore, they reported that unlike blood ILC2s, bronchoalveolar lavage (BAL) fluid ILC2s from asthmatic patients were resistant to dexamethasone.[30](#all13438-bib-0030){ref-type="ref"} It suggests that glucocorticoid could behave different effects on ILC2 activity depending on different sources of ILC2s and/or in response to the different stimulators. Our findings provide solid evidence that ILC2s could be a novel target for the treatment of allergic airway inflammation.

Previous study has reported that ILC2s were increased in peripheral blood in asthma patients.[20](#all13438-bib-0020){ref-type="ref"} Increased ILC2s were found in the blood and sputum in severe asthma patients compared to mild asthma.[23](#all13438-bib-0023){ref-type="ref"} In our study, all of the patients were newly diagnosed with asthma or asthma with AR, and most of them were not severe. We identified the enhanced circulating ILC2s in asthma and asthma with AR patients. Previous studies reported higher frequencies of ILC2s in seasonal but not nonseasonal AR patients,[26](#all13438-bib-0026){ref-type="ref"} and in house dust mite (HDM)---but not mugwort---AR patients.[28](#all13438-bib-0028){ref-type="ref"} We recently reported that the levels of ILC2s were increased in the HDM‐AR patients.[27](#all13438-bib-0027){ref-type="ref"} In this study, 20% the asthma patients and 100% asthma with AR patients were positive for specific IgE. Our findings have shown that asthma with AR patients had high levels of ILC2s but with no significant difference compared to asthma patients. Recent studies reported that allergen‐experienced ILC2s have the activity to acquire memory‐like properties, and respond more efficiently during secondary encounters with allergens.[36](#all13438-bib-0036){ref-type="ref"}, [37](#all13438-bib-0037){ref-type="ref"} Of course, the role of the antigens in the pathology of asthma with or without AR should be further addressed. Additionally, we found that there were higher levels of IL‐13 but not IL‐4 and IL‐9 in plasma in both types of patients, and there was a linear correlation between the ILC2 percentages and the IL‐13 levels in asthma patients. All data have provided strong evidence that asthma patients and asthma with AR patients have the increased frequencies of ILC2s and functional cytokine of IL‐13 in the circulation.

Previous study has shown that women had increased circulating ILC2 numbers compared to men with moderate‐to‐severe asthma.[32](#all13438-bib-0032){ref-type="ref"} Testosterone decreased lung ILC2 numbers and IL‐5 and IL‐13 expression from ILC2s both in vitro and in vivo.[32](#all13438-bib-0032){ref-type="ref"} In our study, we did not find significant difference for circulating ILC2 levels in the patients between women and men (data not shown). The inconsistent results may be because of many factors such as the severity of the diseases or different races. PGE2 was reported to suppress IL‐5 and IL‐13 production in human tonsillar ILC2s.[33](#all13438-bib-0033){ref-type="ref"} We observed that the treatment of testosterone and PGE2 significantly decreased the high levels of IL‐5, IL‐13 and IL‐9 by the PBMCs from asthma patients in response to epithelial cytokines. However, the effects of both testosterone and PGE2 on the inhibition of Th2 cytokine production were much weaker compared to glucocorticoid.

There were several reports about the signalling pathways involved in ILC2s in asthma. STAT6 deficient will lead to impaired IL‐4 and IL‐13 receptor expressions as well as proliferation of ILC2s in mouse.[38](#all13438-bib-0038){ref-type="ref"} Activation of GR inhibits expression of mRNA for STAT5 and JAK3.[39](#all13438-bib-0039){ref-type="ref"} STAT5 is the key molecule in TSLP‐induced corticosteroid resistance in mouse airway inflammation model.[29](#all13438-bib-0029){ref-type="ref"} IL‐7 and TSLP abrogated the inhibition of dexamethasone on type 2 cytokine production by blood ILC2s and induced steroid resistance of ILC2s in a MEK‐ and STAT5‐dependent manner.[30](#all13438-bib-0030){ref-type="ref"} The steroid resistant of bronchoalveolar lavage fluid (BALF) ILC2s from asthma patients was reversed by inhibitors of MEK and STAT5.[30](#all13438-bib-0030){ref-type="ref"} In that study, the PBMCs or BALF cells but not sorted ILC2s were treated with the steroid. However, it is necessary to use ILC2s to investigate the signalling pathways involved in with the treatments of steroid. Using sorted human ILC2s, we identified that the levels of p‐STAT3, p‐STAT5 and p‐STAT6 and their upstream p‐JAK3, p‐MEK1/2, were significantly increased with the stimulation of IL‐25, IL‐33 plus IL‐2, and the glucocorticoid administration decreased their levels. Moreover, the inhibitors of STAT3, STAT5, STAT6 and JAK3 phosphorylation significantly decreased the high IL‐5 and IL‐13 levels after the stimulation. Importantly, JAK3 inhibitor significantly decreased the levels of p‐STAT3, p‐STAT5 and p‐STAT6 in activated ILC2s, suggesting that JAK3 is upstream signalling pathways for STATs. We further identified that MEK inhibitor strongly decreased the levels of p‐STAT3, p‐STAT5 and p‐STAT6 in activated ILC2s, partly decreased p‐JAK3 levels, and reversed the high levels of IL‐5 and IL‐13. It suggests that MEK/JAK‐STAT signalling pathways were involved in the production of Th2 cytokines by ILC2s and the effects of glucocorticoid on ILC2 function.

We acknowledged the limitation that given the low relative abundance in PBMCs, the relative contribution of ILC2s to the pathogenesis of allergic diseases did not be studied. ILC2s in human bronchoalveolar lavage fluid were not taken into consideration due to the ethical limitation. Further study should be carried out to address glucocorticoid‐resistant asthma and ILC2s.

In summary, using a prospective study we identified that increased ILC2s in asthma and asthma with AR patients were inhibited by glucocorticoid treatment. It was confirmed that most IL‐5, IL‐13 and IL‐9 in response to epithelium‐derived cytokines were produced by ILC2s. Glucocorticoid treatment was able to reverse the high levels of IL‐5, IL‐13 and IL‐9 produced by ILC2s *via* STAT3, STAT5, STAT6, JAK3 and MEK signalling pathways. Taken together, our data suggested that glucocorticoid administration could be effective in treating allergic airway inflammation by regulating ILC2s. This will provide a new understanding of glucocorticoid application in regard to allergic diseases.
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